I. INTRODUCTION
A NEW generation of Ka-band satellites has recently been launched providing cellular coverage and significant improvement in transmission capacity [1] . In that context, satellites are expected to play an important role in the extension of 5G cellular networks to sea, air, or remote land areas, where those systems cannot reach. Therefore, the massive adoption of new satellite communications on-the-move (SOTM) calls for lowprofile terminals capable to be installed in ground vehicles or even airplanes. In addition to the defined electrical performance, SOTM antennas must comply with demanding physical characteristics, mainly low profile and weight. Another essential variable for any massive application is obviously the fabrication cost. In this regard, additive manufacturing (AM) techniques can greatly contribute to reduce the weight and cost of SOTM antennas for ground terminals.
Gap waveguides (GWs), first proposed in [2] , have recently emerged as an alternative technology for millimeter-waveband devices. This full-metal technology enables an excellent shielding without resorting to a perfect electric contact between different parts of the device. The good performance, versatility, and relatively low manufacturing cost of this novel technology have attracted much attention in the last years. GWs hold their operation principle on a parallel-plate waveguide, where one of the plates is replaced by a high-impedance surface to create a cutoff condition. For that, the gap between the two plates must be less than a quarter-wavelength. Commonly, the high-impedance condition is achieved through a bed of nails, a quarter-wavelength in height at the center frequency. Most devices in this technology are commonly constructed using computer numerical control (CNC) milling or, to a lesser extent, electrical discharge machining. Recently, the threedimensional (3-D) printing boom has opened new avenues to exploration. Interestingly, scarce publications on GW technology designs using AM can be found in the literature. Nevertheless, a very complete study comparing milling and 3-D printing in terms of waveguide losses in transitions, power dividers, or bends was recently released [3] . However, the overall performance of a GW antenna was not covered there. Therefore, AM procedures should be tested to check whether it can be a real alternative to the broadly used milling technique for GW antennas at Ka-band. This letter addresses that issue by manufacturing and comparing two instances of one Ka-band GW array. The first prototype has been manufactured by stereolithography (SLA) followed by copper plating, while the second used a conventional milling process. The first prototype has been manufactured by stereolithography (SLA) followed by copper plating, while the second used a conventional milling process (Fig. 1) .
The organization of this letter is as follows. Section II describes the GW array design. Section III presents the measurements of the manufactured prototypes and discloses the fabrication tolerances of both techniques. Section IV is devoted to assess the electrical array performance by comparing CNC milled versus 3-D-printed prototypes. Finally, conclusions are drawn in Section V.
II. ANTENNA DESIGN
The antenna chosen for this study is designed to operate at 30 GHz within a bandwidth around 2 GHz. It consists of a linearly polarized slot array fed by a GW corporate network. Each 1536-1225 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information. slot is backed by a coaxial cavity to enhance radiation. These cavities are created simply by shortening a center nail, which acts as the coaxial inner conductor. More design details can be found in [4] and will be omitted here for brevity. This particular antenna concept, comprising nails with different heights, allows us to test the vertical accuracy of both manufacturing techniques. Except for the coaxial nails, whose height is 1.35 mm, the rest of them are 2.44 mm in height. The array is subdivided into 4 × 4 basic cells. Each cell, in turn, is composed of 2 × 2 cavity-backed slots. Fig. 2 illustrates how each of these cells is fed. The feeding network uses a combination of ridge gap and groove GWs to reach the cavities symmetrically. More details on the advantages of such ridgegroove combination can be found in [5] . Let us briefly mention that the TE 10 mode in the groove GW is trapped into the coaxial cavity, providing full radiation from the slot with minimum reflected power.
Since 3-D-printing tolerances are known to be worse than those of conventional fabrication methods, a parametric study was carried out to evaluate the effect of manufacturing inaccuracies on the stopband of the bed of nails. Note that on this textured pattern relies the proper performance of the antenna. Typically, the most relevant parameters for the stopband design are the width and height of the nails and their periodicity. In this regard, the study focuses on the two first dimensions since nails periodicity is barely affected by manufacturing tolerances.
The worst possible scenario has been studied. A deviation of 500 µm has been considered, though the tolerances offered by the manufacturer are, at most, 100 µm in the worst case. This study of possible deviations in manufacturing is summarized in Fig. 3 . Case A is the reference situation with no errors. It exhibits a 90% bandwidth for the stopband, and the cutoff condition extends from 20 to 53 GHz. In case B, a deviation of 500 µm in nail height is considered. Even in such an unlikely case, mode 1 is not affected and mode 2 is shifted to a lower frequency, but still away from the working band. Next, possible deviations in nail width are studied. Case C corresponds to a nail whose side is 250 µm thicker than reference, while in case D is 250 µm thinner. In none of these cases, the inaccuracies altered the stopband frequency range substantially. This study reveals that 3-D printing technique might be accurate enough for GW technology at Ka-band in terms of bandgap performance, given its robustness against possible manufacturing inaccuracies.
Finally, in order to reduce the number of manufacturing variables and simplify the process, it was decided that both antennas would share the same radiating layer, being manufactured with a CNC milling machine. A set of optimized ribs has been included on the slots' plate to provide an enhanced rigidity to this layer, as it is shown in Fig. 4 . 
III. EXPERIMENTAL RESULTS
As explained above, the study presented here assesses the viability of AM by comparing the electrical performance of two identical antennas constructed with different techniques. Both antennas are shown in Fig. 1 without the top plate. The first prototype has been manufactured using SLA printing followed by copper plating. SLA is a laser-based technology that uses a UV-sensitive liquid resin. A UV laser beam scans the surface of the resin and selectively hardens the material corresponding to the object's cross section, thus building the 3-D body from the bottom-up. The required supports for constructing overhangs and cavities are automatically generated and manually removed at the end of the process.
Once the solid object is built, it is subject to a metallic coating process, whose outcome is critical for the final electrical performance. In fact, techniques such as physical vapor deposition or electroplating, require access to every internal surface to correctly plate the structure [6] , [7] . As can be inspected in Fig. 1(a) , the targeted 3-D structure was conceived to be free of intricate tunnels and allows a proper copper deposition by a straightforward procedure. The 3-D-printed version was manufactured by Protolabs. Conversely, the second prototype has been fully built in-house by making use of the well-known CNC milling technique. This process requires a milling machine, aluminum material, and several cutting bits, which must be equal to or smaller than the smallest feature of the desired pattern.
Both antennas have been measured under the same environment and during the same period of time to avoid imbalances in the measurement equipment and calibration. The measured radiating parameters of both antennas are shown in Tables I and II. The mean efficiency is above 80% for both prototypes within the band of interest, that of the 3-D-printed version being slightly higher. Recall that conductivity of copper is better than that of aluminum. Fig. 5 shows the radiation patterns in the main cuts (E-and H-planes) for several frequencies. In each subfigure, the patterns of the 3-D-printed and aluminum antennas, in green and yellow, respectively, are compared. All the measured patterns present an overall good agreement, except for one visible discrepancy at 29 GHz in the H-plane. Finally, the magnitude of the measured reflection coefficient is plotted in Fig. 6 . A good agreement is shown between both experimental results, despite the aluminum version revealing a greater similarity to the simulated result.
A metrological study was carried out on both antennas to analyze the fabrication accuracy. The measured deviation from ideal dimensions of different constitutive parameters is shown in Table III . Predictably, the analysis of the tabulated data reveals that the mean manufacturing deviation committed by the milling technique is lower than that observed for the 3-D-printed antenna.
IV. DISCUSSION
A critical comparison of the experimental results and their connection to fabrication techniques is discussed next. The conclusions drawn in [3] will be taken as a reference, given the common points with this work. Fig. 7(a) , (c), and (e)]. Such ripple, however, is merely 1 µm thick, and its effect on electrical performance is negligible. One might state, therefore, that the overall fabrication quality of the aluminum antenna is notably better than that observed for the 3-D-printed prototype. This fact contradicts to a certain extent what it is affirmed in [3] , where larger roughness was observed in the aluminum version. It must be pointed out that the aluminum breadboard in [3] was subject to a sanding process, which is undoubtedly responsible for such roughness. As it is already suggested in [3] , an eventual finishing process for aluminum pieces may lead to the additional roughness that significantly increases the conductor losses. In our study, the ohmic losses are similar for both prototypes as it is evidenced from the measured antenna efficiency. Note that no finishing process has been applied here. On the other hand, 3-D printing technique inherently avoids the typical rounded corners of milled structures, whose effect can be easily considered and corrected in simulation.
Regardless of antenna losses, the greater building fidelity perceived for the milled antenna is manifested in its electrical performance. Directivity values in Tables I and II and radiation patterns in Fig. 5 evidence a slightly better radiation performance of the aluminum antenna with respect to the 3-D-printed version. This subtle difference is witnessed in H-plane radiation pattern, whose beamwidth is slightly narrower for the CNC- machined antenna. This fact is aggravated at the lower end of the operating band, probably owing to fabrication inaccuracies in the corporate feeding waveguides. The matching behavior in Fig. 6 also confirms the higher accuracy of the CNC machining technique when compared with the simulated curve.
Another important aspect for comparison is the fabrication cost, either in terms of time or money. In regard to the price, the piece made of aluminum was roughly 3.5 times more expensive than the same piece in SLA 3-D printing. Concerning manufacturing time, unfortunately, the external company did not provide the number of hours needed to manufacture the 3-D piece. In this regard, a good reference might be the figure given in [3] , where the machined breadboard took five times as long as the 3-D-printed piece. Last, the 3-D-printed antenna was 50% lighter than the aluminum version, making it very appealing for exigent weight specifications.
V. CONCLUSION
SLA AM and CNC milling were assessed by comparing two instances of the same GW array antenna in Ka-band. The electrical performance of the 3-D-printed antenna has been slightly worse due to several fabrication inconsistencies. In that sense, the current 3-D-printing accuracy is still not good enough to blindly trust on this technology for high-performance Ka-band antennas. Nonetheless, overall performance of the 3-D-printed instance can be considered reasonably similar to that achieved by the accurately milled version. The used SLA 3-D-printing technique, hence, can be considered as a viable solution for lowcost manufacturing of GW array antennas at Ka-band, becoming very appealing in terms of fabrication time, cost, and weight.
